Tropical plumes (TPs) reflect tropical-extratropical interaction associated with the transport of moisture from the Tropics to extratropical latitudes. They are observed in satellite images as continuous narrow cloud bands ahead of upper-level subtropical troughs at times when the subtropical jet is highly perturbed. Rainstorms usually develop in the exit regions of TPs, so their presence over northern Africa has an impact on the precipitation regime in the southeastern Mediterranean. Based on satellite images and rainfall measurements from Israel, 10 TPs over eastern North Africa between 1988 and 2005 in which considerable rain was recorded were selected. Using the NCEP-NCAR reanalysis data, the structure and evolution of these TPs were characterized and their regional canonical features were identified. A typical TP that occurred in March 1991 is described in detail. The main canonical characteristics are as follows: the TP development is preceded by an incubation period, expressed either as a stationary upper-level trough, persisting 2-6 days, or as two consecutive TP pulses; the preferred location for TP origin is 5°-15°N, 5°W-15°E; the TP is separated from the underlying dry Saharan PBL; the subtropical trough undergoes a phase locking with the lower tropical trough; the cloudiness in the TP-induced rainstorm is mostly stratified with continuous moderate rain, originating from midlevel moisture; and the TP tends to be followed by a midlatitude cyclogenesis over the eastern Mediterranean. This analysis proposes several explanations for the efficiency of the TPs in transporting moisture over a 2000-km distance.
Introduction
This paper describes the features of tropical plumes (TPs) that extend from the Tropics poleward and eastward, over the eastern part of North Africa to the eastern Mediterranean. McGuirk et al. (1987 McGuirk et al. ( , 1988 were the first to present an objective definition of a TP: "continuous cloud band, at least 2000 km in length, crossing 15°N" and also coined the term "tropical plume." The intersection of the TP with the ITCZ is usually called the "origin point" (McGuirk et al. 1987) . Commonly, a TP is rather narrow at lower latitudes (15°-20°N) and at times broadens near 30°N (see example in Fig. 1 ) to form a rainstorm. Kuhnel 1989; Iskenderian 1995) . Previous detailed studies concentrated mainly on the Pacific (e.g., McGuirk et al. 1987 McGuirk et al. , 1988 McGuirk and Ulsh 1990; McGuirk 1993; Blackwell 2000) . North Africa has also been studied in depth, but mainly in its western part (Zohdy 1989 (Zohdy , 1991 Knippertz et al. 2003; Knippertz 2005; Knippertz and Martin 2005) . Kuhnel (1989) distinguished between 14 regions that are prone to TP activity, 7 in each hemisphere, and studied the climatology of TPs in Australia (Kuhnel 1990) . McGuirk et al. (1988) attributed the development of TPs to the coincidence of deep upper troughs with tropical easterly waves and showed (along with Mecikalski and Tripoli 1998; Ziv 2001; Knippertz 2005) that the TPs result from both poleward advection of convectively generated cirrus and from dynamic processes associated with the STJ. Kiladis and Weickmann (1992a,b) , Iskenderian (1995) , and Kiladis (1998) confirmed this view by demonstrating a statistical relationship between enhanced tropical convection, TP formation, and wave trains in the extratropics.
In some cases the cloud bands thicken upon reaching the midlatitudes and interact with synoptic disturbances there (Thepenier and Cruette 1981) . Such a disturbance is a deepening upper trough inducing upper-air divergence in the inflection point ahead of it. This process triggers heavy rain in arid and semiarid regions, such as the Sinai Peninsula and southern Israel (Dayan and Abramski 1983; Ziv 2001) or Western Sahara (Knippertz 2003; Knippertz et al. 2003) . Dayan and Abramski (1983) attributed the heavy rains observed in February 1975 to an abnormal shape of the STJ, which was tilted so that its axis in the 300-hPa level was abnormally positioned to the right (south) of its position at the 200-hPa level. Zangvil and Isakson (1995) showed that the moisture in a TP-induced rainstorm over Israel was transported in midlevels, above the 750-hPa level, and that its source was probably in tropical Africa. Ziv (2001) showed that in the eastern North African TP event of December 1988 the plume was detached from the underlying dry Saharan PBL, so the moist air was prevented from mixing with the underlying dry air mass. A similar detachment was shown by Knippertz et al. (2003) in western North African TPs, so moisture was preserved to produce considerable rain over the Atlas Mountains region. A different situation is presented by McGuirk et al. (1988) in a TP over the eastern Pacific that occurred in January 1979. They found that convection centers along the plume injected moisture to the mid-upper troposphere, and so maintained the moisture supply. Ziv (2001) presents two ageostrophic effects on the rain enhancement in the December 1988 rainstorm over Israel: 1) the right-hand side of the STJ entrance region is characterized by divergence that enhances tropical convection (where the TP originates), along with a gain of the southerly wind component, which increases meridional moisture transport from the convective clouds; 2) upper-air divergence in the inflection point ahead of the trough, which induces high vertical velocity (in synoptic-scale terms), which is further enhanced due to the high wind velocity and the low Coriolis frequency typifying the plumes.
b. Regional considerations
The rainfall regime in Israel and its neighboring countries is dominated by wintertime extratropical cyclones (Cyprus lows) that extract moisture from the Mediterranean Sea (Goldreich 2003) , propagate eastward, and produce rainstorms mostly over the northern part of Israel (Kahana et al. 2002) , which is affected by the sea to its west, unlike the southern half of the country, the Negev Desert. Alternatively, there are cases in which the source of moisture in a rainstorm is the Tropics and so the rainfall covers the Negev and can reach the northern part of the country as well. These rainstorms are commonly associated with Red Sea trough systems, [low-level easterly troughs; e.g., Kahana et al. (2002) ] in the transition seasons, but can also be associated with a TP. Such a TP event, in December 1988, was studied by Ziv (2001) , where the spatial distribution of the rainfall was more or less homogeneous over the country. The rain that was observed in the December 1988 case was moderate and continuous over the entire country including the Negev, in contrast to the convective rain that otherwise dominates that region (Dayan and Sharon 1980 ). An individual TP-related rainstorm in Israel can be severe, accounting for rainfall that is comparable to the annual average for the Negev, which is less than 100 mm yr Ϫ1 . The emerging evidence suggests that TPs are of great significance to agriculture, flash flood generation, and freshwater supply to the inhabitants of these arid and semiarid areas.
The present work analyzes the structure and evolution of 10 TP events over eastern North Africa that produced rain in Israel in the years 1988-2005, attempting to identify common features that typify them in this region. Section 2 specifies the databases and diagnostic tools used, section 3 describes one selected case in detail, and section 4 outlines the 7 canonical features found in eastern North African TPs. Section 5 analyzes TP contribution to rain production and section 6 summarizes the results and discusses their implications.
Data and methods
Ten TP events that occurred in the years 1988-2005 were selected. The required features for each case in this study are as follows: 1) a clearly evident cloud band signature in the satellite imagery that fits the definition of McGuirk et al. (1987 McGuirk et al. ( , 1988 ; 2) the cloud band points to the southeastern corner of the Mediterranean (southern Levant); and 3) significant rain (at least several millimeters) is observed in Israel. The analysis of the evolution and characteristics of the TPs is based on the following tools: conventional maps (e.g., isobaric), vertical and time-height cross sections, isentropic sections, and Lagrangian air trajectories.
a. Data sources
The cloud bands associated with the TPs and the convection regions at their origins were detected both in the infrared (IR) and water vapor (WV) channels of the Meteosat imagery (wavelength 10.8 and 6.2 m, respectively). The IR images show the clouds while the WV images were used for ensuring the continuity of the airflow within the TP, which might seem discontinuous using IR imagery. The atmospheric data were taken from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996; Kistler et al. 2001) , with 2.5°ϫ 2.5°and 6-h resolution, at 12 pressure levels in the 0°-50°N, 20°W-50°E domain (Fig. 2) 36°N, 36.25°E) . Whenever the sounding data from these stations coincides with the occurrence of a TP it was employed to ascertain the validity of NCEP-NCAR moisture cross sections used in section 5.
b. Diagnostic strategy
Following Ziv (2001) and Knippertz and Martin (2005) this study incorporated isentropic cross sections for the TP diagnosis. The air parcels are subjected to a considerable ascent while moving along the TP. This implies that the plumes are not purely horizontal, so isobaric sections, having the opposite meridional slope direction, are not the adequate choice for mapping TPs. In the absence of diabatic processes, each air parcel is constrained to remain on a constant isentropic surface, which justifies the use of isentropic cross sections for analyzing the atmospheric fields (e.g., moisture transport). Examinations of several TPs have shown that when no significant rain was observed (so that diabatic heating was negligible) the potential temperature changes along the air trajectories were only in the order of approximately 1°-2°C, so that the motion may be considered quasi-isentropic. When considerable rain was observed along the northern half of the plume, the potential temperature increased there by approximately 5°-10°C. However, even in the latter cases isentropic coordinates provide yet a better Eulerian representation for transport and dynamic processes than do isobaric sections. Trajectory analysis was used in order to track the 3D motion of the air parcels flowing along the TPs. This analysis is necessary because of the nonstationary nature of the system in its developed stages, which makes streamline analysis inaccurate. Trajectories were extracted using the Hybrid Single-Particle Lagrangian Integrated Trajectory model of the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (available online at www.arl.noaa.gov/ ready/hysplit4.html). In this model the displacement of an air parcel is computed based on the 3D wind field of the NCEP-NCAR reanalysis data, given at the grid points at 6-h time increments. The calculation of the particle position, P(t ϩ ⌬t) is done in two steps. In the first step, an estimate of the parcel's position PЈ(t ϩ ⌬t) is obtained by a first-order approximation, using the wind velocity V(P, t) at the starting point P(t):
In the second step, a second-order approximation is achieved by using the average of the wind velocity at the initial position V(P, t) and that at the first-guess position V(PЈ, t ϩ ⌬t):
The velocity vectors are linearly interpolated from the grid points in both space and time. For more details and for a description of the model see Draxler and Hess (1997) .
In the present study we further elaborate the determination of a TP origin by adding two approaches as alternatives to the classical definition of McGuirk et al. (1987) , which is based on the cloud geometry in satellite imagery (see section 1). The first additional method regards the center of the tropical convection (determined on the basis of WV imagery), which is the moisture source for the TP, as its origin. This is regarded hereafter as the "thermodynamic source." The second method defines the origin as the place where the streamlines, emanating from a wide range of directions, converge and turn to the northeast as an organized plume (hereafter the "dynamic source"). The latter was done on the 320-K isentropic surface. The locations of the three origins do not always coincide and their typical relative location pattern is analyzed in the appendix.
We followed a method for determining the level from which the rain originates, as the layer that is both saturated and subjected to upward synoptic motion, as presented by Holton (1992) . To better resolve the layers that contributed mostly to the rain, we calculated vertical profiles of the condensation rate D(LWC)/Dt (where LWC is the liquid water content), which equals the rate of water vapor loss ϪDq/Dt (where q is the specific humidity), as a proxy for precipitation rate (we have verified that vertical advection is the dominant contributor to temporal variation in q). Actually, these calculations estimate the rain rate at the cloud base. The rate near the ground may be lower because of evaporation of raindrops into the underlying drier air. However, because our aim is to investigate the vertical distribution of rain production, this difference is not addressed here. The calculation was done as follows:
• The rate was set to zero if the vertical velocity was positive (descent) or if the relative humidity (RH) was Ͻ90%. A lower RH threshold was tested and returned similar results (not shown), while a higher (95%) RH requirement was turned down for the sparse presence of higher than 95% values (including, at times, only one grid point), so almost the entire domain would have been set to a zero condensation rate.
• If neither of these conditions were met, then the condensation rate was calculated by applying the chain rule to the specific humidity at saturation, q s :
The expression ‫ץ‬q s /‫ץ‬T is derived from ClausiusClapeyron relationship:
where R is the specific gas constant for water vapor and L c is the latent heat of condensation. 
where is dP/dt. Obviously, the vertical velocity extracted from the NCEP-NCAR gridded data reflects synoptic-scale motion, in which subsynoptic motions, such as those associated with convection, are filtered out. Therefore, these profiles cannot represent rain resulting from mesoscale convective cells, and so we confined our examinations to times and places in which moderate-continuous rain, resulting from stratified cloudiness, was observed.
Case study-March 1991
The case selected for a detailed analysis occurred during 14-22 March 1991. Toward the end of this heavy rain event, around 30 mm of precipitation within ϳ24 h was observed over most of Israel and the neighboring countries, with a maximum of 80 mm (in Netiv HaLamed He, 31.41°N, 34.58°E). This event contributed more than half the annual rainfall total for 1991 and half the yearly long-term mean (30 mm) in Elat (see location in Fig. 2 ). The event consisted of two consecutive TPs (hereafter TP pulses) but only the second one yielded precipitation in Israel, on 22 March. This scenario was documented earlier in Knippertz and Martin (2005) .
The first pulse developed on 14 March 1991 and persisted until 18 March. On 14 March a midlatitude trough extended from western Europe southeastward and formed a closed cyclone, centered at 32°N, 2°W, with a TP to its east. The cyclone moved slowly eastward with its associated TP. In the following 48 h the cyclone coalesced with the midlatitude trough, which was then weakening, together with its associated TP, when on 18 March it decayed altogether. This TP moved through Libya and Egypt and finally reached Israel before disappearing, but did not produce any significant rain over those areas. Forward air trajectories that emerged from the TP origin, at 4000-5000-m height, indicate a continuous ascent of ϳ4000 m within 48 h while moving ϳ3400 km along the plume (not shown). The vertical motion reached its maximum speed of ϳ5 cm s Ϫ1 around 25°N latitude. The second pulse started to develop on 19 March, as a result of the deepening of another midlatitude trough that began to develop on the previous day. On 18 March a weak jet streak (maximum wind speed of ϳ25 m s Ϫ1 ) formed along the western flank of the trough.
From its very beginning the trough developed a closed upper cyclone that moved along 30°N latitude and was positively tilted (as exemplified in and moved eastward (so it could no longer be defined as a TP). At the same time the trough remained over the Levant and developed a lower-level cyclone that produced rain over the region (Fig. 4) . On 24 March the trough and its associated cloudiness and precipitation weakened. During the entire period the TP flow pattern could be observed only above the 700-hPa level. When the second TP pulse developed, a lower-level easterly trough deepened northward, toward the eastern flank of the upper-level trough (Fig. 4a) . The lowerlevel trough extended farther northeastward, until 0000 UTC 23 March when a closed cyclone formed slightly northeast of the upper-level cyclone (Fig. 4b) . At 1200 UTC 23 March the surface low became vertically stacked with the upper-level cyclone at 33°N, 37°E; this may have caused the system to begin decaying. It is worth noting that in the first TP pulse a weak surface trough, which extended northward from the ITCZ (not shown), did not interact with the upper-level subtropical trough.
Air trajectory analysis for the second pulse indicates that the air parcels in the midlevels either descended slightly or remained at the same level while moving along the southern half of the TP, but when they arrived at the northern half of the TP they underwent a significant ascent of over 4 km. The vertical velocity there reached 7 cm s Ϫ1 (which can also be inferred from Fig. 5) .
The geometric origin (according to the definition of McGuirk et al. 1987 ) of the first pulse in its most developed stage was at 8°N, 0°. The thermodynamic origin was located southeastward of this point at 2°N, 10°E, and the dynamic origin was located at 13°N, 5°E, to the northeast of the geometric origin. For the second TP pulse, the location of its origin (according to the three definitions) is found to the east of that for the first pulse, consistent with the relative location of the trough itself. The geometric origin of the second TP was at 10°N, 15°E; the thermodynamic origin was at 7°N, 10°E; and the dynamic origin was at 14°N, 13°E.
The meridional moisture transport ahead of the trough, reaching 100 g kg Ϫ1 m s Ϫ1 on the 315-K isentrope (Fig. 6) , can be seen as a band of high specific humidity extending northward from south. The specific humidity at 500 hPa within the TP reached 2.5 g kg Ϫ1 in the first pulse, but was higher in the second, where it exceeded 3.5 g kg Ϫ1 (over 4 times the long-term mean there) when the precipitation began. The wind vectors in Fig. 6 were plotted in isentropic coordinates as they provide the closest approximation to the actual motion of air parcels along the TP (they provide the adiabatic component of the vertical ascent toward north, as described in section 2).
The rainstorm over Israel took place on 22 March 1991. The amounts recorded were between one-quarter and one-half the annual averages in the southern arid regions. For example, 15.9 mm were recorded in Elat and 19.8 mm were recorded in Sedom, being 53% and 28% of the annual average, respectively. Considerable rainfall was observed over the entire country, with a maximum of 80 mm near Jerusalem. Analog rain recordings show that the rainfall was a combination of continuous-moderate precipitation and short showers with intensities reaching 20 mm h Ϫ1 . The existence of showers indicates that at least part of the rainfall resulted from convection, in contrast with the light continuous rains at a rate of several millimeters per hour, mentioned by Ziv (2001) associated with TPs over Israel.
After the plume had moved eastward on 23 March the upper-level cyclone remained over Israel for over 24 h. At that time the surface cyclone was formed over the region (see Fig. 4b ) and generated scattered rains common to midlatitude cyclones. 
Canonical characteristics
Ten selected TP events over eastern North Africa were studied and are summarized in Table 1 . One of them is described in section 3. The analysis indicates the existence of several features that are common to most or all of the TPs analyzed. Some of them appear also in TPs of other regions, as follows:
• The structure and orientation of the TPs, as seen in both satellite imagery and isentropic cross sections, are similar to those observed in North Africa as a whole (De Félice and Viltard 1976) and over the Atlantic (Thepenier and Cruette 1981) . The northwestern margin of the TP, as observed in IR imagery, is sharp because of the contrasting dry air mass to its northwest. At the same time its southeastern margin is more diffuse, and a connection is seen between the plume and the convection center within (or near) the ITCZ to its south.
• The latitudinal extension of the TP, starting around 10°N and extending to 30°-35°N, matches that found in other regions (e.g., Knippertz and Martin 2005; McGuirk et al. 1987 ).
• The moisture transport within the plume takes place in the mid-and upper levels. A similar structure was found in a quantitative study of a TP event by Zangvil and Isakson (1995) and in the descriptive studies of Ziv (2001) and Knippertz and Martin (2005) .
• TPs always develop ahead of a pronounced subtropical upper-level trough (which in some cases has the form of a closed cyclone) and are embedded with a jet streak (e.g., Ziv 2001; Knippertz and Martin 2005) .
In addition, the following characteristics exclusively typify the eastern North African TPs. 
a. Incubation period
Prior to the time of maximal TP activity two scenarios were identified, during which TPs develop and assemble the moisture that they subsequently transport. This period is termed the incubation period. The first scenario (observed in 9 out of the 10 cases) is a tendency of the subtropical trough, associated with the TP, to persist for several days before the TP reaches its mature stage, when rain is produced in the target area (i.e., the Middle East). Figure 7 demonstrates this scenario for the December 1988 event. The stationary nature of the TP in that stage is demonstrated by air trajectories, initiated at the same location at different times along a 48-h period; they nearly coincide with one another, and so indicate that the flow pattern remained steady during that period. The second scenario (observed in March 1991 already described in section 3) is a repetitive, few days apart, southward intrusion of subtropical troughs. The second scenario was also observed by Knippertz and Martin (2005) over West Africa.
b. Location of plume origin
The origins of the 10 TPs, according to three definitions, thermodynamic, geometric, and dynamic (see the appendix for more details), were concentrated at a specific region, extending between 5°-15°N and 5°W-15°E (see Fig. 2 ). This area can be considered as the preferred region for initial development of the eastern North African TPs of this study. This location can be a result of the geometry implied by the plume orientation along the 50°azimuth from the source region, thereby ending near the Nile Delta. Alternatively, this FIG. 7 . The 24-h forward air trajectories of the December 1988 event, originating at 14°N, 14°E, at an altitude of 5000 m MSL. The five similar trajectories start at different times, separated by 12-h intervals, during the 48-h period that preceded the TP-induced rainstorm. The numbers denote latitudes-longitudes. source location may be a preferred one because of enhanced moisture supply available to the plume (related to the intense convection at the origin region), which enhances the cloudiness along the plume. An inspection of satellite imagery shows that the latter possibility is realistic.
c. Funneling and coherence of the flow within the plume
Although air parcels that enter the plume from different directions (Fig. 8a) carry with them different characteristics (e.g., planetary angular velocity), the streamlines and trajectories along the TPs are straight and parallel to one another. In all of the 10 TPs the airflow between 4000-and 7000-m height was in nearly the same direction and with the same speed (e.g., Fig.  8b ). This characteristic is likely to be present in TPs in other locations, but was not emphasized in previous studies.
d. Detachment from the arid PBL
The low-level wind field beneath the eastern North African plumes differs significantly from that which existed within the TPs themselves. In addition, the relative humidity in the lower levels is lower (Fig. 9 ). This observation, documented also by Ziv (2001) and Knippertz et al. (2003) , implies that the air flowing through the TP does not mix with the underlying arid air mass. A clear illustration of the separation between a dry low layer and a moist higher layer in a TP is given in the Helwan radiosonde of 1 January 1994 (case 5 in Table  1 ) where a clear inversion is evident at the 750-hPa level, which underlies a layer of saturated air.
e. Phase locking between the tropical easterly trough and a subtropical upper-level trough
In the majority of the TPs studied, the lower-level tropical easterly troughs (which normally propagate westward) and the subtropical upper-level troughs FIG. 9 . A meridional-vertical cross section of RH (%) through a TP at 0000 UTC 24 Dec 1988 along the 30°E longitude. The existence of a near-surface moist layer of ϳ500-m thickness north of 29°N stems from marine advection, from the Mediterranean, that prevailed 1 day prior to the time of this cross section. (which propagate eastward) slowed their movement and resembled a phase locking, as is common in midlatitude disturbances (e.g., Hoskins et al. 1985) . Moreover, in 6 out of the 10 cases the easterly trough deepened toward the plume and formed a closed cyclone ahead of the subtropical trough, near 30°N latitude. This scenario was found also by Ziv (2001) in the December 1988 case and is shown in section 3 for the March 1991 case. The proximity of the lower and upper troughs was regarded by McGuirk et al. (1988) as "a coincidence."
f. Type of rain and cloudiness
In the majority of the plumes studied here the precipitation was light moderate, continuous, and widespread, and the cloudiness was stratified [e.g., the December 1988 case, described by Ziv (2001) ].
g. Postplume polar intrusion to the eastern Mediterranean
In 9 out of the 10 cases analyzed, 1-3 days after the cessation of the plume-produced rain in the eastern Mediterranean, a midlatitude upper-level trough penetrated the eastern Mediterranean, accompanied by lower-level cyclogenesis (exemplified in Fig. 10 ). The contribution related to the plume for such a cyclogenesis can be attributed to a constructive interference between the slow and long-lasting (in synoptic time-scale terms) subtropical upper trough (which initiates the TP) and a midlatitude trough, centered around 40°-50°N latitudes. The latter initiates in its turn the formation of a Mediterranean surface cyclone.
Rain production
The TP can play two possible roles in the production of rain in the eastern Mediterranean: the first is that the plume itself is the source of moisture and the second is that it is merely the generator of uplift that causes precipitation from the already existing moisture. If the first scenario prevails then the source of moisture should be in midlevels where the TP is found. To examine these hypotheses we combined the profiles of specific humidity, relative humidity, and vertical velocity as described in the end of section 2. The specific humidity, obviously, decreased with height within the plume, though at a reduced vertical gradient (cf. Ͼ4 g kg Ϫ1 inside the TP and Ͻ1 g kg Ϫ1 outside the plume at the 700-hPa level). Time-height cross sections were plotted for the case of 4 January 1988 (Fig. 11 ) when moderatecontinuous rain was the only type of precipitation observed north of 30°N over Israel. The rain started at noon (between 0600 and 1200 UTC) and ended in the evening (around 1800 UTC). At the beginning of the rain the relative humidity exceeded 70% only above the 850-hPa level and 90% only above 600 hPa (Fig. 11a) . Later on, the high relative humidity invaded the lower levels, against dry advection imparted by easterly continental surface wind (as inferred by specific humidity gradient, not shown). Moreover, the region of high moisture propagated eastward at that time, against the wind direction, in accordance with the movement of the maximum rain (associated with the plume). This suggests that the lower levels' relative humidity increased only because evaporation from raindrops.
Time-height cross sections of the condensation rate were derived for cases in which moderate-continuous rain was observed. The cross section for the case presented in Fig. 11 is shown in Fig. 12 . Indeed, the rainfall-contributing layer is found between the 850-and 300-hPa levels, with a maximum at 600 hPa. These results confirm the first scenario suggested above for the role of TP in the rain production: moderate-continuous rain originates from the plume itself. It should be noted that short local convective showers originating from uplifted low-level moisture source are filtered out and cannot be observed in Fig. 12 . The contrast between the TP-originated rain and that related to a Cyprus low on 6 January can be seen in Fig. 12 , where the vertical profile of condensation rate on 6 January is substantially different from that on 4 January. The same method was tested for another Cyprus low event of 27-28 December 1991 (not shown) and returned a core of moisture source at the 850-hPa level. In both of these Cyprus low cases the moisture source is found in the lower levels and originates from the Mediterranean Sea.
The applicability of NCEP-NCAR data for our calculation of moisture is supported by the radiosonde data from Helwan on 4 January 1988 (case 1 in Table 1) where the vertical profile of relative humidity clearly shows a saturated air (RH ϭ 98%) at 700 hPa while the RH values below this level is 83%-86%. Similar vertical moisture profiles (not shown) were also evident in the other TP cases and in the other stations (see section 2a).
Summary and discussion
The study of 10 TPs that occurred over eastern North Africa and produced considerable rain in Israel reveals seven canonical features that are unique to this group of plumes. The details of five of these features are presented in Table 1 the 10 cases. As described below, this table identifies characteristics of each of these features associated with the evolution of these TPs and accompanying rainfall over the eastern Mediterranean.
Observations of the rainfall associated with the TPs studied here, as well as in previous studies in this region (e.g., Dayan and Abramski 1983) , indicate that their contribution to the water budget in the Middle East, particularly in arid and semiarid locations, cannot be ignored. Because the rain is contributed by the plume itself (as elaborated in section 5), effective thermodynamic and dynamic factors must take place both in the long-range moisture transport over thousands of kilometers along the plume and in the upward motion of air near the plume's terminus. The moisture supply for the rain production is composed of horizontal moisture convergence near the TP origin and a fast and effective mobilization along the plume toward the target area (i.e., the Middle East). Several factors were described in previous studies and others are added here. Our findings suggest four such processes:
1) The incubation period of the first kind (i.e., a stationary subtropical trough prior to TP's maximal activity) enables a prolonged enhancement of convection near the plume origin, which subsequently provides the plume itself with moisture. Moreover, the existence of a plume (even when no rain is produced) enriches the subtropical region with midlevel moisture. In this way the diffusion of moisture from the mature plume via evaporation or turbulence is reduced because of the reduction in the moisture gradient at the plume's margins. 2) The absence of upward motion along the central part of the plume prevents loss of moisture via condensation and/or precipitation. 3) The detachment of the plume from the underlying arid air mass prevents moisture loss by mixing. 4) The coherence of the flow within the plume diminishes turbulence and so minimizes turbulent diffusion of moisture, at least in its core.
A key factor for moisture supply to the TP is the existence of a near-equatorial lower-level convergence. Knippertz and Martin (2005) emphasized the importance of this factor as manifested by the trade surge over the eastern North Atlantic. Kiladis and Weickmann (1992a) and Blackwell (2000) showed the contribution of the subtropical upper trough as a triggering and enhancing factor for the tropical convection.
The Gulf of Guinea and its adjacent land seems to be the preferred origin of TPs reaching the Middle East (Fig. 2) . Kuhnel (1989) also regarded the Gulf of Guinea as a major moisture source for African TPs. It is unclear whether the plume simply draws moisture that already exists in the origin or whether the very formation of the TP enhances the convection there (as was shown by Kiladis and Weickmann 1992a) . Satellite imagery demonstrates that when a TP origin reaches the vicinity of the Gulf of Guinea, the convection intensifies there, which in turn enhances moisture convergence toward the plume. The thickening of the plume, starting from its origin and continuing throughout its entire length, which is observed in sequences of satellite imagery, confirms this hypothesis.
The importance of incubation (process 1) for rain production, is demonstrated when two consecutive TP pulses were observed, by the absence of significant rainfall in the first pulse, followed by heavy rain in the second. Knippertz and Martin (2005) also found this scenario in two of the three TPs they studied in western North Africa, and also showed that in both cases the first pulse initiated the moisture transport while the second generated the heavy precipitation. The existence of either one of the incubation scenarios in each of the TPs studied shows that incubation is essential for a TP to yield significant rain. This implies that if only one subtropical trough is involved, it should last longer in order to produce precipitation totals of similar magnitudes to that of the second TP in an event that consists of two TP pulses.
The importance of the absence of ascent along the equatorial half of the plume (process 2) is demonstrated by the difference between the two pulses in the case of the March 1991 event already discussed. Most air parcels involved with the first pulse continuously ascended (not shown), while those of the second propagated horizontally (and even slightly descended) along the southern half of the plume before undergoing a vertical ascent in the extratropical half (Fig. 5) . This can explain, at least partly, why the rain generation in the second pulse was much more intense than in the first.
A unique feature of the rainfall associated with the studied TPs is the dominance of continuous-moderate rain (e.g., Ziv 2001), which presumably results from stratified clouds. Because such cloudiness characterizes the TPs, it suggests that the rainfall emanates from the plumes themselves with the support of upper-level dynamics. The analysis presented in section 5 confirms that this is indeed the case by showing that in the target area, where rain is measured, a rising, saturated air mass exists in midlevels (i.e., within the TP). This argument implies that the rainfall associated with eastern North African TPs originates from remote tropical moisture sources rather than from the regional surface moisture supply.
The processes described above indicate that TPs are rain contributors that cannot be ignored for the arid and semiarid parts of Israel, in spite of their remote moisture source (Ͼ2000 km away) and the fact that a significant part of the rain they produce emanates from the midlevels. In addition to their direct contribution, TPs may be considered as indirect contributors of rain in Israel if one regards the extratropical cyclogenesis that takes place subsequently.
